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A high proportion of the kelp Laminaria
hyperborea production is exported from kelp forests
following seasonal storms or natural annual old
blade loss. Transport of drifting kelp fragments can
lead to temporary accumulations in benthic subtidal
habitats. We investigated the degradation processes
of L. hyperborea in a low subtidal sandy bottom
ecosystem by setting up a 6-month cage experiment
to simulate accumulations of kelp fragments on the
seafloor. We monitored temporal changes in
biomass, nutritional quality (C:N ratio), respiration,
quantum efficiency of photosystem II (Fv/Fm),
bacterial colonization, and chemical defense
concentrations. Biomass decomposition started after
2 weeks and followed a classic negative exponential
pattern, leading to 50% degradation after 8 weeks.
The degradation process seemed to reach a critical
step after 11 weeks, with an increase in respiration
rate and phlorotannin concentration in the tissues.
These results likely reflect an increase in bacterial
activity and a weakening of the kelp cell wall. After
25 weeks of degradation, only 16% of the initial
biomass persisted, but the remaining large
fragments looked intact. Furthermore, photosystems
were still responding to light stimuli, indicating that
photosynthesis persisted over time. Reproductive
tissues appeared on some fragments after 20 weeks
of degradation, showing a capacity to maintain the
reproductive function. Our results indicate that L.
hyperborea fragments degrade slowly. As they maintain
major physiological functions (photosynthesis,
reproduction, etc.) and accumulate on adjacent
ecosystems, they may play a long-term ecological role
in coastal ecosystem dynamics.
Key index words: bacteria; composition; degradation;
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Abbreviations: CFU, Colony-forming units; DM, Dry
mass; F0, Minimum fluorescence; Fm, Maximum flu-
orescence; Fv, Variable fluorescence; Fv/Fm, Maxi-
mum quantum yield of photosystem II; k,
Decomposition rate; RM, Remaining biomass;
RWM, Relative water motion; T1/2, Half-life of frag-
ment detritus; WM, Wet mass
Degradation is a key process in the organic mat-
ter cycle and drives biogenic ecosystems in terres-
trial and marine environments. Degradation
includes the decomposition (biomass breakdown)
of primary producers and litter, and leads to rem-
ineralization driven by micro- and macro-organisms
that colonize the organic matter (Rees et al. 2001,
Pandey et al. 2007, Polyakova and Billor 2007).
Litterfall amounts and dynamics are closely linked
to the growth and productivity of source ecosys-
tems (Miller 1984, Matala et al. 2008). In terres-
trial ecosystems, plant decomposition rates vary
with lignin, nitrogen content (Hendricks and Bor-
ing 1992, Wesemael and Veer 1992), and environ-
mental conditions, such as litterfall moisture or
temperature (Krishna and Mohan 2017). In con-
trast to terrestrial environments, seawater flow cre-
ates much higher and more complex lateral
transport of detritus, and thus lower accumulation
of litter below the canopy. Despite these major
differences, accumulations of seagrasses (Pergent
et al. 1994, Cardona et al. 2007) and macroalgae
are observed on the seafloor from deep (Vetter
1994, Filbee-Dexter and Scheibling 2014) to subti-
dal (Tzetlin et al. 1997) and intertidal habitats
(Bustamante et al. 1995).
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Among macroalgae, kelps are major components
of marine ecosystem functioning in temperate and
sub-polar regions around the globe. Kelp forests
play a key role in coastal environments as habitat-
forming species, wave-energy dissipaters, and major
actors in the carbon cycle (Christie et al. 2003,
Leclerc et al. 2015, Teagle et al. 2017). Kelps are
fast-growing primary producers that accumulate a
large quantity of organic matter via photosynthesis
(>1 kg C  m−2  year−1; Mann 1973). A high pro-
portion of the annual kelp production is exported
(about 82% in Krumhansl and Scheibling 2012a),
due to blade erosion, natural mortality, or dislodg-
ment related to strong hydrodynamic events (Krum-
hansl and Scheibling 2012a, de Bettignies et al.
2013, Pessarrodona et al. 2018). Detrital material
can drift across habitats and accumulate in benthic
ecosystems when hydrodynamic conditions are suit-
able, strongly influencing the recipient trophic food
web (Tzetlin et al. 1997, Krumhansl and Scheibling
2012b, Vilas et al. 2020). Settled kelp detritus plays
a primary source role by attracting numerous spe-
cies and enhancing secondary production (reviewed
in Krumhansl and Scheibling 2012a). Kelp detritus
can also subsidize local primary producers by pro-
viding nutrients during degradation (Hyndes et al.
2012). The residence time of deposits strongly
influences the composition and the dynamics of
macrofaunal-associated community (Norkko et al.
2000, Okey 2003) as well as the burial rate of kelp
organic matter within underlying sediment (Abdul-
lah et al. 2017).
Laminaria hyperborea (Laminariales) is a dominant
kelp species in the North-East Atlantic, distributed
from Portugal to Norway (Steneck et al. 2002). In
Brittany, France, this species dominates subtidal
rocky ecosystems from 0 to 30 m depth. Growth of
L. hyperborea sporophytes occurs in winter and
spring, ceasing in July (Lüning 1979). In spring, L.
hyperborea retains the old blade from the previous
year during the rapid growth of the new blade.
Between April and May, the old blade is shed from
the fast-growing new blade (May cast). The release
of the previous season’s blade contributes signifi-
cantly to the total detritus production (Pessar-
rodona et al. 2018). Prior to the May cast,
dislodgment of part of plants during winter and
spring storms can export both old and new blade
detritus across adjacent ecosystems (Pessarrodona
et al. 2018). Old and new blades have different tis-
sue content (Sjøtun et al. 1996, Schiener et al.
2015), texture, or toughness (Toth and Pavia 2002).
Their degradation rate should thus be distinct.
Laminaria hyperborea detritus represents a trophic
resource that connects habitats (Filbee-Dexter et al.
2018), becoming increasingly accessible to con-
sumers during degradation (Norderhaug et al.
2003). In some kelp forests, grazers only consume a
small fraction of kelp productivity (Hereward et al.
2018), whereas in other regions, grazing by sea
urchins is a major structuring process (Ling et al.
2014). In Norway, some L. hyperborea populations
have been subject to overgrazing by the green sea
urchin Strongylocentrotus droebachiensis and the edible
sea urchin Echinus esculentus (Sivertsen 1997). In
Brittany, below the southern distribution of S. droe-
bachiensis, only a few grazers including E. esculentus
are able to feed on kelps, but a local study based on
stable isotopes has indicated that E. esculentus has a
mixed diet largely dominated by sessile fauna
(Leclerc et al. 2015). Hence, grazers locally con-
sume a small fraction of the L. hyperborea produc-
tion, while a high proportion is exported to
adjacent ecosystems. Therefore, understanding the
kinetics of L. hyperborea detritus biomass decomposi-
tion is essential.
Here, we examined Laminaria hyperborea decompo-
sition dynamics and the degradation processes
in situ. We used litterfall cages to simulate drift kelp
accumulation on a sandy bottom ecosystem for
6 months. We compared the biomass decomposition
kinetics of new versus old blades to assess potential
differences in their degradation rate and residence
time. Focusing on new blades, we further investi-
gated the degradation processes leading to biomass
decomposition. We measured in situ respiration
rates to assess changes in community metabolism
and bacterial activity. In addition, we quantified the
abundance of cultivable associated bacteria. We
measured the concentration of phlorotannins within
kelp tissue, often related to defense mechanisms
(reviewed in Amsler and Fairhead 2006), and the
content in carbon (C) and nitrogen (N), often
related to nutritional quality and palatability
(Norderhaug et al. 2006). We tested if degradation
leads to a decline in phlorotannin concentration
and an enrichment in N and thus increases the
availability of fragments for micro- and macro-organ-
isms. Finally, we investigated the maintenance of
photosynthesis and reproduction to test if L. hyper-
borea detritus continues to fulfill primary producer
functions when fragmented and exported as
observed in some floating kelp species (e.g., Macaya
et al. 2005, Tala et al. 2013).
This set of measures was performed to test the
main following hypotheses: (1) the respiration of
kelp detritus will first decrease together with a
decrease in kelp metabolism and then increase
together with an increase in bacterial activity, (2)
the kelp defense (phlorotannins) will first increase
in response to stress and micro- and macro-organ-
ism colonization then will decrease as a conse-
quence of tissue degradation and (3) the
photosynthetic activity will decline after a few weeks
of degradation.
MATERIALS AND METHODS
Study site. The present study was conducted near Roscoff,
in the Bay of Morlaix, along the north-western coast of
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Brittany, France. The bay is composed of numerous rocky
reefs supporting high Laminaria hyperborea biomass stock
(Gorman et al. 2013), separated by large areas of fine and
soft sediments that temporarily receive accumulations of drift
kelp (F. de Bettignies, pers. obs.). Diving surveys carried out
in the bay have revealed areas of kelp accumulations that can
last several months, in shallow sandy bottoms adjacent to
rocky reefs (10 m average depth) as well as in channels at the
base of rocky drop-offs (30 m average depth). The experi-
mental site (Guerhéon: 48°42’33.78” N, 03°57’12.36” W) was
located in a semi-enclosed part of the bay, protected from
the prevailing westerly winds, but exposed to north and east-
erly winds that occasionally occur during spring and summer
anticyclonic conditions. The site substratum was characterized
by a mixture of coarse sand and shell fragments at 4.5 m
depth below chart datum (9 m average depth) and distant by
ca. 100 m from rocky reefs covered with kelp forests.
Experimental design. We set up an in situ cage experiment
to investigate the degradation dynamics of Laminaria hyper-
borea on a subtidal sandy ecosystem (Fig. 1). The study was
conducted from April, 18th to October, 5th 2017
(5.5 months). The experiment was started in April to mimic
spring storm events that dislodge both the old blade and the
recently grown new blade.
Whole adults of Laminaria hyperborea were randomly col-
lected via scuba diving from a natural population on a rocky
reef close to the experimental site. We selected individuals
with an 80–90 cm stipe length, corresponding to average
adults composing the canopy, without visible signs of degra-
dation. Kelp samples were kept in seawater and brought back
to the harbor where they were processed within 2 hours. New
blades were cut once along their length and their width to
obtain fragments of various sizes, similar to those found in
the field. Fragments from two individuals were pooled and
weighed with a digital spring scale (Amiaud Durer, 40 kg
 10 g) for a mean  SD wet mass of 911  105 g. Batches
were gently packed and randomly allocated to custom-built
numbered plastic litterfall cages (30 × 25 × 10 cm, 1 cm
mesh) made of high-density polyethylene mesh used in oyster
farming. The quantity of algal material in the cage mimicked
a 10-cm thick accumulation of kelp fragments with a three-di-
mensional structure, as previously observed during survey
dives. A total of 35 litterfall cages were prepared with new
blades, kept in seawater and quickly immersed at the experi-
mental site by divers. To compare the degradation kinetics
between new and old blades, five litterfall cages were filled
with old blade fragments following the same procedure.
Cages were attached on four anchored chain lines arranged
parallel to each other, forming a relatively continuous rectan-
gle of accumulated fragments (Fig. 1). We checked the cages
throughout the experiment to ensure that they were not bur-
ied in sediment. At each sampling time (2, 4, 6, 11, 15, 20,
24 weeks), five replicates of new-blade litterfall cages were
randomly collected. Additionally, one old-blade litterfall cage
was randomly collected at five sampling dates (4, 6, 11, 15,
20 weeks) for degradation rate measurement. Collection was
carried out by carefully enclosing each cage within a 1-mm
mesh bag. At each sampling time, 3 new-blade litterfall cages,
among the 5 collected, were randomly selected for in situ
incubation to measure respiration. All the cages were then
brought to the surface and transported within site seawater to
the aquarium facilities. Tissue sampling for bacterial counts
was conducted immediately after their arrival to avoid any
contamination. Cages were then kept in the dark in a contin-
uous-flow seawater tank with constant air bubbling until fur-
ther laboratory measurements (performed within 24 h).
Field measurements. Environmental parameters: An array of
environmental sensors was deployed on the experimental site
to measure temperature, light intensity, and water motion
over the six-month period. Temperature and light intensity
were measured with the same sensor (HOBO Pendant Tem-
perature/Light Weatherproof Pendant Data Logger 16K)
attached to a plate fixed horizontally on a threaded rod at
20 cm from a concrete block. Relative water motion (RWM)
was measured with an accelerometer (HOBO Pendant G Data
Logger) attached to a small dome-shaped buoy. The buoy
was tethered to the seabed with a 0.75 m rope clamp on a dif-
ferent concrete block, as previously described (Bennett et al.
2015). These sensors were deployed 3 m from the experimen-
tal system, with a replicate set to offset any sensor failure. At
each sampling time, sensors were changed or cleaned to pre-
vent excessive fouling on the rope or on the sensor. All sen-
sors were programmed to take one measurement every five
minutes. For the RWM, two channels were used (x, y) to
account for horizontal acceleration (cf. H2O motion V2
design; Evans and Abdo 2010). The sensor was set to record
acceleration (m  s−2). The RWM was standardized and mea-
sured as the vector sum for all pairwise recordings as previ-
ously described (Evans and Abdo 2010). For each sampling
time, the maximum, minimum, and average values of the pre-
vious week were measured for temperature and RWM. Only
the daily average of the previous week was measured for
light.
In situ litterfall cage respiration rate: Litterfall cage respira-
tion rates were measured at the experimental site during
each collection time on three of the five randomly collected
new-blade litterfall cages. Custom-built benthic incubation
chambers were set up in situ by scuba divers. They consisted
of a base to isolate the cage from the sediment, a Plexiglas
cylinder, a dome sealed by a clamp system enclosing a total
volume of 26.2 L of seawater and an autonomous stirrer to
ensure continuous mixing (Ouisse et al. 2014). Care was
taken to avoid trapping of air bubbles during chamber assem-
bly. Each of the three selected cages enclosed in a mesh bag
was allocated to a separate benthic chamber and covered by
black tarpaulins to ensure darkness. Seawater samples were
collected from each chamber at the beginning and at the
end of the 30 min incubation period (two-point method) by
using 100 mL syringes and directly brought to the surface.
Dissolved oxygen concentration was immediately measured
on the boat using a portable multi-meter (HQ40d, Hach®,
Loveland, CO, USA) coupled with a luminescent/optical dis-
solved oxygen probe (Intellical™ LDO101, Hach®, accu-
racy  0.2 mg  L−1). Litterfall cage respiration rate was
estimated from the difference between initial and final oxy-
gen (O2) concentrations after correction for temperature
change. Respiration was expressed as O2 consumption in
mgO2  kg WM−1  h−1, to allow comparisons over time.
Although continuous O2 measurement is recommended,
measurements only at the beginning and at the end of the
incubation are considered acceptable to obtain a correct mea-
surement of community metabolism for short incubations
(Ouisse et al. 2014).
Laboratory measurements. Cultivable bacteria counts: For each
new-blade litterfall cage, 10 pieces of algal tissue were col-
lected using a stainless steel punch (13 mm diameter) steril-
ized by flaming with 70% ethanol. Algal pieces were
transferred to 20 mL of sterile saline solution (for 1 L: 24.7 g
NaCl, 6.3 g MgSO47H2O, 4.6 g MgCl2H2O, 0.7 g KCl),
stored on ice and returned within 1 h to the laboratory for
further processing. The 10 algal pieces from one cage were
rinsed twice in a 20 mL sterile saline solution and homoge-
nized in a single batch for 1 min at 8000 rpm in a 20 mL
sterile saline solution using a T25 Ultra-Turrax blender, fol-
lowed by 1 min of vortex agitation at maximum speed. Serial
dilutions (from 10-1 to 10-4) of homogenates were prepared
in sterile saline solution. Then, 100 µL of the dilutions was
spread-plated in duplicate and incubated at 20°C for 7 d.
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Four media were used to screen cultivable bacteria presenting
different functions. The Zobell agar medium (for 1 L: 5 g
tryptone, 1 g yeast extract, 15 g agar in natural seawater), a
highly nutritive medium, was used as a proxy of the total
community of cultivable bacteria. Bacteria resisting high con-
centrations of iodine, one of the defense compounds
released by kelps (Verhaeghe et al. 2008), were screened on
a Zobell agar medium supplemented with 100 mM KI. Bacte-
ria were also grown on a minimum medium solidified with
Phytagel (for 1 L: 24.7 g NaCl, 6.3 g MgSO47H2O, 4.6 g
MgCl2H2O, 2 g NH4Cl, 0.7 g KCl, 0.6 g CaCl2, 200 mg
NaHCO3, 100 mg K2HPO4, 1X vitamin mix, 20 mg FeSO47
H2O, 20 g Phytagel; Thomas et al. 2011) and supplemented
with 4 g  L-1 alginate, a polysaccharide accounting for 10-
45% of the dry mass of brown algal cell wall (Kloareg and
Quatrano 1988) or 4 g  L-1 mannitol, one of the main car-
bon storage forms in brown algae (Iwamoto and Shiraiwa
2005). Technical duplicate measurements were averaged and
results were expressed as the number of colony-forming units
per unit area of algal tissue (cfu  cm-2). The detection limit
was 75 cfu  cm-2. The proportion of iodine-resistant cul-
tivable bacteria was estimated as the ratio of counts obtained
on KI-supplemented Zobell agar compared to counts
obtained on Zobell agar.
Reproductive tissues: Before any other measurements, frag-
ment surfaces were visually checked to describe any form of
FIG. 1. (a) In situ experimental set-up on the seabed in the Bay of Morlaix (Guerhéon: 48°42’33.78” N, 03°57’12.36” W) at 9 m depth
(on average). Panel (b) shows 40 custom-built plastic cages filled with 1 kg of fresh Laminaria hyperborea blades arranged to form an artifi-
cial accumulation of kelp fragments (c). (d) Benthic chamber incubations to estimate the holobiont respiration rates. Photographs: Wil-
fried Thomas, experimental schematic: Florian de Bettignies.
4 FLORIAN DE BETTIGNIES ET AL.
degradation (weakness, bleaching) and to record any appear-
ance of reproductive tissue during the degradation process.
Phlorotannin assay: For each new-blade litterfall cage, 10
disks of algal tissue were randomly collected using a stainless
steel punch (28 mm diameter) and stored at −20°C before
processing. Phlorotannin extraction was performed using a
method adapted from Li et al. (2017) and Koivikko et al.
(2007). Frozen samples were stored overnight at −80°C and
freeze-dried for 24 h. First, 100 mg of freeze-dried tissue was
ground into a fine homogeneous powder under liquid nitro-
gen with a mortar and pestle and stored at −20°C until analy-
ses. Extraction was performed at 25°C for 30 min with
0.5 mL of extraction buffer under constant agitation. The
extraction buffer consisted of a 30:70 ethanol:water mixture
acidified with hydrochloric acid (pH = 2.6) to prevent oxida-
tion. The extract was centrifuged and the supernatant was
stored at −20°C. Total soluble phlorotannins were quantified
using a modified Folin-Ciocalteu method (Van Alstyne et al.
1999, Zhang et al. 2006) by mixing 10 µL of sample, 50 µL of
Folin-Ciocalteu reagent (Sigma) and 40 µL of Na2CO3 7.5 %
(m/v) in multiwell plates (Nunc UV-Star 96 wells). Phloroglu-
cinol (Sigma) was used as a standard. Extracts were diluted
2–10 times with extraction buffer for absorbance to be in the
range of the standard curve. Plates were incubated in the
dark at room temperature for 2 h, before absorbance was
measured at λ = 750 nm on a spectrophotometric microplate
reader (Safire2Tecan Multi-detection Microplate reader). For
each sampling time, the cage was used as biological replicate
(n = 5) and each sample was measured in two technical repli-
cates. Technical replicate values were averaged prior to statis-
tical analyses. Each standard solution was run in triplicate.
The concentration of soluble phlorotannins within kelp frag-
ments was calculated according to the phloroglucinol stan-
dard curve and expressed in phloroglucinol equivalent in
mg  gDM−1 (where DM is kelp dry mass).
Carbon–nitrogen content: For each new-blade litterfall cage,
10 disks (28 mm diameter) were randomly cored on kelp
fragments and stored at −20°C until preparation and analy-
sis. Algal samples were rinsed with freshwater to remove pos-
sible epiphytes, dried at 60°C for 48 h and ground with a
mortar and a pestle. Powder samples were put in tin cap-
sules for C:N analyses. Carbon and nitrogen contents were
measured using a Flash EA 1112 CHN analyzer (ThermoFin-
nigan) coupled with a Finnigan Delta Plus mass spectrome-
ter, via a Finnigan Con-Flo III interface. C:N data were
expressed as mass ratio.
Chlorophyll fluorescence measurements: All fluorescence mea-
surements were carried out 24 h after collection between
4:00 pm and 6:00 pm to avoid differences in physiology
related to daily cycles (Gevaert et al. 2002, Edwards and Kim
2010). Blades were transported from the seawater tank to
the laboratory inside a dark box filled with seawater. Visu-
ally, the degradation state varied with blade fragment size.
Fragments were therefore separated in two groups according
to their surface area: small (area < 25 cm2) and large
(area > 50 cm2) fragments. In vivo Chl a fluorescence of
photosystem II (PSII) was measured from the center of
three small and three large fragments randomly selected
from each of the five new-blade cages collected. Before mea-
surement, fragments were dark-adapted for 15 min using a
Dark Leaf Clip Diving-LC (Walz) connected to an underwa-
ter pulse amplitude modulated fluorometer (Diving-PAM;
Heinz Walz, Effeltrich, Germany). The maximum quantum
yield (Fv/Fm) of PSII, here used as a proxy for physiological
capacity, was measured using a 0.8 s saturating light pulse of
white light (2500 μmol photons  m−2  s−1). Fv represents
the variable fluorescence and corresponds to the difference
between the minimum fluorescence yield (F0) measured
under weak red modulated light and the maximal
fluorescence (Fm) measured following the short saturating
light pulse.
Remaining biomass: The remaining fragments from each lit-
terfall cage were air-dried for 1 min and wet-weighed (wet
mass, WM). Samples were then dried at 60°C for at least 48 h
until reaching a constant mass before being reweighed (dry
mass, DM). The remaining biomass was estimated by dividing
the final WM by the initial WM measured at the beginning of
the experiment and expressed in percentage of remaining
biomass (%RB).
A decomposition rate (k) was estimated using a single-pool
negative exponential model commonly used in the literature
(Olson 1963, Enrı́quez et al. 1993, Adair et al. 2010). Nonlin-
ear least square regressions were fitted to the mean remain-
ing biomass values (function nls in R), according to the
following equation:
%RBt ¼ 100ekt
where %RBt is the remaining biomass at time t in days, 100
represents the initial biomass and k is the decomposition rate
of detritus in d−1. From this estimation, the half-life of frag-
ment detritus was measured (T1/2 = k
−1  Ln(2), in d). It
gives a more intuitive description of detritus turnover times
(Enrı́quez et al. 1993). Initial data from new and old blade
datasets were pooled and fitted with a single decomposition
rate model. To test if the fitted values for k differed between
the two sets (new vs. old blades), we added an interaction
term, allowing k to vary depending on the set. This interac-
tion term was significantly different from zero (P < 0.05)
indicating that the estimation of k differed significantly from
the two sets. The decomposition rate model was thus fitted
separately for new and old blade data, with different values of
k. An F-test was used to test the fit of each model.
Data analysis. Phlorotannin concentrations and C:N con-
tents were compared with a one-way ANOVA using degrada-
tion time as fixed factor. Post-hoc comparisons were applied
using Tukey’s honestly significant difference (HSD) tests
when significant ANOVA results were found (P < 0.05).
Phlorotannin concentration data were transformed by calcu-
lating their square-root prior to analysis to meet the assump-
tions of normality (Shapiro Wilk’s test, α = 0.05) and
homogeneity of variance (Levene’s test, α = 0.05). Remaining
biomass, litterfall cage respiration, and bacterial count values
were compared using a non-parametric one-way analysis of
variance Kruskal–Wallis H-test with degradation time as fixed
factor. This procedure was used for biomass data because
assumptions of normality and homoscedasticity were not met
even after log(x) and square-root transformations. For litter-
fall cage respiration and bacterial counts, the low number of
replicates (n = 3) at each sampling time were not amenable
to parametric analyses. Bonferroni adjustment and the low
number of replicates precluded the detection of differences
by post-hoc Dunn pairwise tests. Fv/Fm data within the same
litterfall cage were averaged for small and large fragments
prior to analysis, due to data dependency. Fv/Fm values were
compared using a two-way nested ANOVA with degradation
time as fixed factor and fragment size as random factor
nested in degradation. The assumption of homoscedasticity
was met. Although the data did not meet the assumption of
normal distribution of residuals (Shapiro Wilk’s test,
α = 0.05), we selected this parametric analysis because the
distribution of residuals was nearly normal in the histograms
and the ANOVA is robust to small deviations from normality
(Schmider et al. 2010).
All statistical analyses and graphical productions were car-
ried out using the freeware R statistical environment (R Core
Team 2018).
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RESULTS
Environmental parameters. During the experiment,
temperature ranged from 11.7 to 17.8 °C reflecting
seasonal fluctuations typically observed in the Bay of
Morlaix. No lengthy periods of low light and high
RWM were measured between experimental times,
indicating that no strong storms were experienced
during the experiment (Table 1).
Reproductive tissues, decomposition of biomass, and tis-
sue content. Large remaining fragments seemed visu-
ally less affected than small fragments by the
degradation process. At weeks 20 and 24 (corre-
sponding to September and October), a total of 3
and 2 large fragments from the new blade cages,
respectively, presented reproductive tissues (sori) on
their surface. Conversely, no reproductive tissues
were observed on the old blade fragments.
The decomposition model showed a good fit on
the remaining biomass data for new (Rraw
2 = 0.773;
F-test, F1,7 = 23.89, P < 0.01) and old blades
(Rraw
2 = 0.633; F-test, F1,5 = 8.63, P < 0.05), respec-
tively. The decomposition rate estimated using non-
linear regression was three times higher for old
blades (k = 0.0366  d−1) compared with new blades
(k = 0.0107  d−1), corresponding to a fragment
degradation half-life (T1/2) of 18.9 and 65.0 days,
respectively (Fig. 2b).
The biomass of new Laminaria hyperborea blades
decreased with degradation time (Kruskal–Wallis
test, H7 = 34.2, P < 0.001). Biomass did not
decrease between the set-up and week 2 and even a
slight increase was detectable. Biomass loss was
detectable after 2 weeks and showed negative expo-
nential dynamics with a rapid loss during the first
11 weeks that slowed down after 15 weeks (Fig. 2a).
After 24 weeks (5.5 months), 16.5% of the initial
mass of new blades remained.
The tissue composition of new blades was signifi-
cantly affected by degradation time (Fig. 2, c and
d). Phlorotannin concentration in degrading Lami-
naria hyperborea fragments increased significantly
with time (ANOVA, F7,32 = 30.492, P < 0.001). The
concentration was twice as high after 11 weeks of
degradation compared with any time point from the
first 6 weeks. This increase was significant (Tukey’s
HSD test, P < 0.05) except between weeks 4 and 15
(Tukey’s HSD test, P = 0.116; Fig. 2c). Although
data showed a high variability between sampling
times, the content in C:N (mass ratio) was signifi-
cantly affected by degradation time (ANOVA,
F7,32 = 6.138, P < 0.001). The ratio increased
slightly from 12.2 after 2 weeks to a maximum of
19.4 after 15 weeks of degradation. The post-hoc
Tukey’s HSD test showed only some differences
between times within the first 6 weeks and after
11 weeks. No significant differences in C:N ratio
were observed among sampling times after 11 weeks
(Fig. 2d). The small increase in C:N at week 11 was
due to both a decrease in N content from 2.2% at
week 2 to 1.5% at week 11 and an increase in C
content from 25.4% at week 4 to 27.2% at week 11
(Table 2).
Detritus metabolism. The new-blade litterfall cage
respiration rate was significantly influenced by
degradation time (Kruskal–Wallis test, H7 = 19.739,
P < 0.01; Fig. 2e). Respiration decreased 3-fold after
2 weeks of degradation; thereafter, the rate did not
vary from 2 to 6 weeks. A gradual increase was mea-
sured starting from 11 weeks with a maximum rate
after 20 and 24 weeks of degradation (Fig. 2e).
The photosynthetic capacity (Fv/Fm) of degrading
algae varied significantly across degradation time
(ANOVA, F7,60 = 6.858, P < 0.001) and according to
fragment size (ANOVA, F7,60 = 11.821, P < 0.001;
Fig 2f; Table 3). Under optimal conditions, Fv/Fm
values range from 0.7 to 0.8 for brown algae (Bis-
chof et al. 1999), and lower values suggest a stress
response (Pearson et al. 2009). In large fragments,
Fv/Fm remained stable (Tukey’s HSD test, p> 0.05)
and high (mean ranging from 0.70 to 0.76) over
the entire 5.5 months study, reflecting an effective
maintaining of photosynthetic capacity. By contrast,
the Fv/Fm of small fragments was affected over time.
Especially after 15 weeks, Fv/Fm values decreased
and were highly variable (mean  SD; 0.43  0.24,
0.32  0.15, 0.59  0.16 after 15, 20, 24 weeks,
respectively; Fig. 2f).
Variations of bacterial counts during the degradation of
Laminaria hyperborea. Bacterial counts on Zobell
agar, alginate-Phytagel, and mannitol-Phytagel plates
at 20°C increased by 1-2 orders of magnitude in the
first two weeks of the experiment (Fig. 3, a, c, and
d), and remained stable until the end of the experi-
ment. This variation was found to be statistically sig-
nificant for counts on alginate-Phytagel
(Kruskal–Wallis test, H5 = 11.697, P = 0.039) and
mannitol-Phytagel (Kruskal–Wallis test, H5 = 11.655,
P = 0.040) plates. Notably, some of the colder toler-
ance taxa might have been inhibited during plate
incubation at 20°C, which is higher than the mean
field temperature over the course of the experiment
(ca. 15°C). Therefore, our data might provide a
lower estimate of the total cultivable bacterial
TABLE 1. Environmental parameters for each sampling
time. Data provided are those measured the week before
retrieval. Relative water motion data for week 20 are miss-





Motion (m  s−2)
Mean Min Max Mean Mean Min Max
0 12.7 12.2 13.3 2284 0.38 0.00 1.98
2 12.3 11.7 13.7 650 0.30 0.00 2.63
4 13.4 12.6 14.5 1154 0.13 0.00 1.08
6 14.5 13.5 16.5 2260 0.25 0.00 2.02
11 15.9 15.2 17.1 956 0.33 0.00 3.08
15 16.5 15.9 17.1 272 0.22 0.00 2.27
20 17.2 16.4 17.8 199 — — —
24 16.1 15.9 16.4 515 0.15 0.00 1.86
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counts. Furthermore, the proportion of iodine-resis-
tant bacteria decreased with time (Kruskal–Wallis
test, H4 = 10.5, P = 0.033), from 75% at the
beginning of the experiment to 5% after 24 weeks
(Fig. 3b).
DISCUSSION
Characterizing the kinetics of kelp fragment
degradation is essential to understand the quantity
FIG. 2. Parameters of degradation dynamics showing the change in (a) remaining biomass, (b) biomass decomposition models for new
blades (black circles) and old blades (gray triangles) cages, (c) phlorotannin content, (d) C:N composition, (e) holobiont respiration rate
and (f) Fv/Fm values for large (dark gray) and small (light gray) fragments. Bars give means with standard deviations (n = 5, except for
respiration n = 3). Measures were taken at seven sampling times (0, 2, 4, 6, 11, 15, 20, 24 weeks). All measures are for new blades, except
in panel b.
TABLE 2. Tissue content in C (%), N (%) and C:N for
each sampling time. Data were expressed as a mass ratio.
Time (weeks)
C (%) N (%) C:N
Mean SD Mean SD Mean SD
0 28.70 1.91 2.02 0.27 14.44 2.17
2 26.42 0.75 2.18 0.15 12.18 1.01
4 25.38 1.00 1.96 0.15 13.22 1.45
6 25.94 0.96 1.78 0.20 14.72 2.10
11 27.24 2.46 1.48 0.25 18.46 3.41
15 27.56 1.11 1.46 0.23 19.42 3.14
20 29.88 1.61 1.66 0.22 18.16 3.01
24 26.48 0.88 1.66 0.18 16.10 1.62
TABLE 3. ANOVA of the effect of time and fragment size
on Fv/Fm response. Time was a fixed factor and fragment
size was a random factor nested in Time.
df MS F P
Time 7 0.05839 6.858 <0.001
Time:Size 7 0.10064 11.821 <0.001
Residuals 60 0.00851
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and the residence time of organic matter exported
by kelps forests to adjacent habitats. During our
experiment, the degradation of kelp biomass fol-
lowed a classic pattern of organic matter decomposi-
tion according to a simple negative exponential
model (Enrı́quez et al. 1993, Nielsen et al. 2004),
with high heterogeneity between new and old Lami-
naria hyperborea blades. Degradation of old blades
was three times faster than new blades. This shows
that fragments may have different residence times
in coastal ecosystems, depending on the export pro-
cess (detachment of old blades, erosion, or dislodg-
ment during storms). The degradation of kelp
organic matter thus follows two different types of
patterns. The seasonal export of old blades due to
the natural kelp life cycle results in a pulse of
organic matter during spring and summer (Pessar-
rodona et al. 2018), and this tissue degrades rela-
tively quickly. By contrast, material dislodged during
periods of high water motion can consist of mixed
stipes, new and old blades (Pedersen et al. 2020)
with different degradation rates. In benthic systems,
the influence of these accumulations or drifting
fragments as a transient habitat and resource for
adjacent ecosystems can be significant for several
months.
The Laminaria hyperborea degradation rate
appeared low compared with other macroalgae that
dominate coastal ecosystems. The measured degra-
dation rate for young L. hyperborea blades is 10–20
times lower than fast-growing ephemeral algal
species such as Ulva sp. (k = 0.34–0.51  d−1) or
Gracilaria sp. (k = 0.5  d−1; Conover et al. 2016),
more than 5 times lower than intertidal canopy-
forming species such as Fucus vesiculosus (k = 0.09 
d−1; Conover et al. 2016), about 3 times lower than
other kelp species such as Macrocystis integrifolia for
young blades (k = 0.032  d−1; Albright et al. 1980)
and similar to seagrass species (k = 0.01  d−1; Har-
rison 1989, Hemminga and Nieuwenhuize 1991)
and mangrove leaves (k = 0.011  d−1; Gladstone-
Gallagher et al. 2014).
In addition, degradation dynamics may be
strongly affected by seasonal patterns and environ-
mental conditions including fluctuations in local
hydrodynamics and temperature. For example,
physical mechanisms certainly fragment detritus
more than what we observed within the cages. Fur-
thermore, our study covered the spring–summer
period that corresponds to late spring storms.
Lower winter temperatures likely slow down the
degradation process, but this might be counterbal-
anced by higher water motion that increases frag-
mentation. For these reasons, winter and autumn
degradation kinetics are not readily predictable. To
understand the seasonal degradation variability, an
additional study has been conducted during the
autumn–winter period, following the same experi-
mental design. Due to storm damage and fisher-
men anchoring on the experimental system, the
obtained data were not exploitable. Further
research is also needed to test the effect of
FIG. 3. Cultivable bacterial counts (in number of colony-forming units per unit area of algal tissue: cfu.cm-2) on different growth
media: (a) Zobell-agar, (b) KI-supplemented Zobell-agar, (c) alginate-Phytagel, (d) mannitol-Phytagel. Proportion of iodine-resistant bacte-
ria was estimated as the ratio of counts obtained on KI-supplemented Zobell agar relative to the counts obtained on Zobell agar. Open
gray circles represent the raw data points from each cage replicate and the black diamonds represent the mean values.
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recipient habitat on degradation dynamics (e.g.,
depth, wave-exposure).
The photosynthetic capacity of algal tissues was
maintained for 5.5 months for large fragments and
for 3.5 months for small fragments. These results
have wide implications for coastal ecosystem func-
tioning because exported detritus may still perform
primary production and renew their tissues, poten-
tially explaining their partial recalcitrance to degra-
dation. In highly hydrodynamic systems such as the
English Channel, this recalcitrance may increase the
area of influence of kelp forests and magnify their
impact on coastal and deep-sea ecosystems. Further-
more, reproductive tissues were observed on degrad-
ing fragments during this six-month experiment.
They were detected on new-blade fragments in
September–October, similar to the beginning of the
formation of reproductive tissues in natural popula-
tion (Kain and Jones 1975). The persistence of
reproductive tissues in drift kelp may increase the
dispersal capacity of Laminaria hyperborea, partly com-
pensating for the naturally short dispersal range of
spores (5-200 m; Fredriksen et al. 1995). This main-
tenance of reproductive structures has been
reported in different floating drifts of Phaeophyceae
such as the kelp species Macrocystis spp. (Macaya
et al. 2005, Hernández-Carmona et al. 2006) and
Durvillaea antarctica (Tala et al. 2013, 2019) and the
fucoids species Hormosira banksii (McKenzie and
Bellgrove 2008) and Sargassum polycertium (Engelen
et al. 2001), suggesting that export of detached
reproductive blades is an important mechanism for
dispersal. To our knowledge, this is the first time
that reproductive tissues have been reported in Lam-
inaria degrading fragments.
Respiration showed a rapid decline at the begin-
ning of the experiment. This early change can be
attributed to the capacity of kelps to modulate their
metabolism depending on environmental conditions
(Kregting et al. 2016). Respiration increased after
11 weeks, likely reflecting a gradual increase in the
metabolism of the holobiont complex formed by
the degrading kelp and its associated microorgan-
isms. Indeed, we evidenced a rapid colonization of
degrading kelp by heterotrophic bacteria (Fig. 3),
reaching an apparent maximum abundance as early
as 2 weeks after fragmentation. While the apparent
abundance of heterotrophic bacteria did not
increase after 2 weeks, the rise of respiration rate
suggests an increase in overall bacterial activity. This
increase in respiration process and bacterial activity
could be partly related to an increase in tempera-
ture from 12°C at the beginning, to 16.5°C at week
20.
Kelps possess a unique defense metabolism,
including the production of toxic iodine com-
pounds and phlorotannins (Potin et al. 2002). Previ-
ous studies suggested that kelps quickly initiate
defense responses to minimize grazing pressure and
stress soon after dislodgement (Norderhaug et al.
2006). Iodine is highly concentrated in the periph-
eral cell layers, creating specific niches for associ-
ated bacteria during iodovolatilization (Küpper
et al. 2008, Verhaeghe et al. 2008). In the present
study, the proportion of iodine-tolerant bacteria
decreased over time. As Laminaria hyperborea tissue
was degrading, iodine from the alga may have been
released in the environment, making the associated
specific niches disappear and allowing tissue colo-
nization by non-tolerant bacteria. Interestingly, the
detected concentration of phlorotannins in degrad-
ing tissues stayed stable during the first 6 weeks and
only doubled after 11 weeks. Rather than a rapid
induction of defense mechanisms, this apparent
increase in phlorotannins may reflect the early
degradation stage of kelp tissue after 11 weeks. The
degradation of cell walls by colonizing bacteria may
make phlorotannins more accessible and increase
the extraction efficiency during phlorotannin con-
centration assays.
Tissue content showed a slight increase in C:N
over time (maximum 59% increase) related to a
small decrease in N and a small increase in C con-
tent. Previous studies have shown a clear decrease
in the C:N ratio related to the degradation of kelps
(e.g., 92% decrease in 44 d), reflecting an enrich-
ment in nitrogen which is linked with bacterial
degradation (Norderhaug et al. 2006). Our results
followed the same pattern as observed by Dethier
et al. (2014). The relatively stable C and N content
could be due to low degradation rates of kelp tissue.
Sosik and Simenstad (2013) suggested a complex
relationship between C:N ratio and microbes, with a
preferential consumption of N by the microbiota
and a physical leaching of C during degradation.
Our study allows a better understanding of in situ
Laminaria hyperborea degradation dynamics over the
spring/summer period. We highlighted the substan-
tial difference in decomposition kinetics between
new and old blades; this has an implication on the
residence time of kelp detritus in coastal environ-
ments. We showed that new blades have a high
capacity to resist degradation, maintaining photo-
synthesis function for 5.5 months depending on the
degree of fragmentation. Confirming this pattern of
degradation dynamics requires testing different envi-
ronmental conditions (hydrodynamism, depth) and
seasons in future studies. Furthermore, additional
researches are needed to confirm our preliminary
results on the maintaining of reproductive function
during degradation, which may have substantial
implications for dispersal. Under natural conditions,
accumulations of marine litterfall vary over time and
fragments can drift between different habitats after
being exported. These changes in environmental
conditions during the degradation process compli-
cate the understanding of the impact of kelp frag-
ments on coastal ecosystems. Due to their large
quantity, detritus exported from kelp forests can
fuel receiving ecosystems with a pulse of organic
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matter and influence their structure and function-
ing. Kelp detritus can attract mobile amphipods in
high densities (Ramı́rez-Llodra et al. 2016) and rep-
resent an important contribution to benthic food
webs (Renaud et al. 2015).
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